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Background. Persons with human immunodeficiency virus (HIV) infection are at risk for premature cardiovascular disease (CVD). Predictors of atherosclerotic disease progression in contemporary patients have not been well described.
Methods. Using data from a prospective observational cohort of adults infected with HIV (Study to Understand the Natural History of HIV/AIDS in the Era of Effective Therapy), we assessed common carotid artery intima-media thickness (CIMT) at baseline and year 2 by ultrasound. We examined HIV-associated predictors of CIMT progression after adjusting for age, sex, race/ethnicity, body mass index, smoking, hypertension, diabetes, lowdensity lipoprotein cholesterol level, and baseline CIMT using linear regression.
Results. Among 389 participants (median age at baseline, 42 years; male sex, 77%; median CD41 cell count at baseline, 485 cells/mm 3 ; 78% receiving antiretroviral therapy), the median 2-year CIMT change was 0.016 mm (interquartile range, 20.003 to 0.033 mm; P , .001). Lesser CIMT progression was associated with a suppressed viral load at baseline (20.009 mm change; P 5 .015) and remaining virologically suppressed throughout follow-up (20.011 mm change; P , .001). After adjusting for additional risk factors and a suppressed viral load during followup, nonnucleoside reverse transcriptase inhibitor versus protease inhibitor exposure was associated with lesser CIMT progression (20.011 mm change; P 5 .02).
Conclusions. Suppressing HIV replication below clinical thresholds was associated with less progression of atherosclerosis. The proatherogenic mechanisms of HIV replication and the net CVD benefit of different antiretroviral drugs should be a focus of future research.
Cardiovascular disease (CVD) is now a leading cause of morbidity and mortality for persons with human immunodeficiency virus (HIV) infection [1] . Proatherogenic risk factors among adults infected with HIV include a greater prevalence of traditional risk factors (eg, smoking), direct consequences of HIV infection itself, and exposure to specific components of combination antiretroviral therapy (cART) [2] [3] [4] . Identifying treatment strategies that might slow atherogenesis has become important for clinical management.
Ultrasound estimates of carotid artery intima-media thickness (CIMT) are associated with coronary artery atherosclerosis and predict risk for vascular events [5, 6] . Factors that associate with CIMT measures among patients infected with HIV have been reported in numerous cross-sectional studies [7] [8] [9] [10] [11] [12] [13] [14] . In the largest such comparison of CIMT between HIV-infected and -uninfected persons, the degree of greater CIMT associated with HIV infection was of similar magnitude than was being a smoker or having diabetes [11] .
We report here a longitudinal analysis of CIMT changes among participants in the Study to Understand the Natural History of HIV/AIDS in the Era of Effective Therapy (the SUN Study). Our purpose was to examine whether HIV replication and exposure to specific classes of cART influenced progression of subclinical atherosclerosis independent of traditional CVD risk factors among contemporary patients at low risk for AIDS.
METHODS

Study Design
The SUN Study is a Centers for Disease Control and Prevention (CDC)-funded prospective observational cohort study of HIVinfected participants enrolled in 4 US cities (Denver, Minneapolis, Providence, and St. Louis) from March 2004 through June 2006 [15] . The protocol was approved by human subjects research committees at the CDC and at each clinical site, and all participants provided written informed consent. Patients were eligible if they were naive to cART or their prior antiretroviral exposure consisted solely of cART ($3 nucleoside reverse-transcriptase inhibitors [NRTI] or $3 antiretroviral drugs from at least 2 different classes) and were expected to survive $2 years. The SUN Study design has been reported elsewhere [15] .
In brief, participants were evaluated at baseline and every 6 months thereafter. Clinical data, including all medications and diagnoses, were abstracted from medical charts and entered into a database (Clinical Practice Analyst; Cerner). Additional data were collected through study-specific physical examination and laboratory testing and an audio computer-assisted self-interview that, in part, assessed use of tobacco and alcohol. At each visit, fasting serum and whole-blood specimens were shipped to the CDC for storage at 270°C.
Clinical site laboratory testing included measurement of serum lipids, plasma HIV RNA viral load (VL), and CD41 cell counts. The following biomarkers were measured from stored plasma using immunoturbidometric assays on a Hitachi 917 analyzer at the Diabetes Research and Training Center Radioimmunoassay Core Laboratory (Washington University School of Medicine): high-sensitivity C-reactive protein (hsCRP; Kamiya Biomedical), cystatin-C (Dakocytomation), and apolipoprotein A1 and B (ApoA-1 and ApoB, respectively; Wako Diagnostics). Homeostasis model assessment of insulin resistance (HOMA-IR) was defined as the serum insulin-glucose product divided by the constant 405. The presence of hypertension was defined as a blood pressure .140/90 mm Hg, prescription of antihypertensives, or a diagnosis of hypertension. We estimated glomerular filtration rate (GFR) using the Cockcroft-Gault equation and Framingham 10-year coronary heart disease risk score (FRS) using published score sheets [16] .
Participants were included in this analysis if they had a baseline and 2-year CIMT measure. CIMT was assessed at the far wall of the right distal common carotid artery using high-resolution B-mode ultrasound. Sonographers at each site were trained to interrogate the same portion of the arterial wall with repeated measures, and certified by the University of Southern California's Atherosclerosis Research Unit (ARU) Core Imaging and Reading Center (CIRC). CIMT was measured centrally at the ARU CIRC with an automated computerized edge detection algorithm [17] [18] [19] using methods specifically designed to track change in atherosclerosis over time (patents 2005, 2006, 2011) . These methods have been used for previous HIV studies [7] [8] [9] [10] , and the median coefficient of variation with these methods is ,3% [20] . Ultrasound images were analyzed blinded to study participant.
Statistical Methods
Change in CIMT was defined as the difference between the baseline and year 2 measures. [21] , baseline and nadir CD41 cell count, HIV RNA VL, baseline cART regimen, and biomarker levels ( Table 1 ). For analyses, we defined HIV RNA VL as (1) suppressed (,400 copies/mL) at baseline versus not suppressed and (2) persistently suppressed throughout the follow-up period versus detectable at $1 visit during follow-up.
Comparisons of nonnucleoside reverse-transcriptase inhibitor (NNRT)-and protease inhibitor (PI)-based cART or those taking tenofovir or abacavir excluded participants taking both or neither (n 5 23 and n 5 206, respectively). Regression coefficients represent a greater (or lesser) 2-year CIMT change associated with the per unit change of the covariate. Statistical significance was defined at a P value of #.05. All statistical analyses were performed using SAS software, version 9.2 (SAS).
RESULTS
Data from 389 SUN study participants with CIMT measures at baseline and year 2 visits were available for this analysis. At (10) 35 (9) baseline in SUN, 659 participants had a CIMT measure, but 270 of these did not have year 2 data available. Of these, 40% withdrew consent, with the most common reason cited being the time commitment required to complete study visits. When compared with SUN Study participants with missing data at either baseline or 2-year visit (n 5 304), the analysis cohort was slightly older (median age, 42 vs 40 years; P 5 .019), had fewer black individuals (26% vs 34%; P 5 .03), fewer current tobacco smokers (38% vs 51%; P , .001), and a lower prevalence of prior injection drug use (12% vs 19%; P 5 .043).
The median time from baseline to the 2-year follow-up was 24.2 months (range, 22.3-30.6 months). The median age was 42 years, and 60% of the patients were non-Hispanic white ( Table 1 ). The prevalence of hypertension and current tobacco smoking at baseline were 33% and 38%, respectively, and 53 participants (14%) were given a new diagnosis of hypertension during follow-up. Median total cholesterol and LDL-C at baseline were within desired ranges for persons without known CVD (67% with TC ,200 mg/dL and 73% with LDL-C ,130 mg/dL); 161 participants (43%) had triglyceride levels .150 mg/dL, and 139 men (48%) and 57 women (66%) had HDL-C levels ,40 mg/dL or ,50 mg/dL, respectively [22] .
The median baseline and nadir CD41 cell count were 485 and 215 cells/mm 3 , respectively (Table 1) . At baseline, most (78%) of the participants were prescribed cART, of whom 88% (266) had a suppressed HIV RNA VL and 61% (184) then remained suppressed throughout follow-up. The proportions of participants prescribed NNRTI-or PI-based cART were similar, and more participants were prescribed tenofovir (36%) than abacavir (23%). Of participants prescribed cART at baseline, 43% changed $1 component of their regimen during follow-up; use of abacavir remained constant, but several participants started tenofovir therapy. Fifty-two (60%) of 87 participants not prescribed cART at baseline (44 [51%] of whom were cART naive and 43 (49%) of whom had prior cART exposure) started cART at a median of 7.7 months (IQR, 2.8-13.7 months) after baseline.
Two-Year Progression in Carotid Artery Intima-Media Thickness
Median CIMT measures at baseline and at the 2-year visit were 0.707 mm (IQR, 0.642-0.789 mm) and 0.721 mm (IQR, 0.654-0.901 mm), respectively. The median 2-year change in CIMT was 0.016 mm (IQR, 20.003 to 0.033; P ,.001) (Figure 1) . A notable difference between participants with 2-year CIMT change .0 versus #0 mm was a lower median GFR (94 vs 105 mL/min/1.73 m 2 , respectively; P 5 .004), although other traditional CVD risk factors were not different. Less CIMT progression was present for participants who were prescribed cART (vs not) at baseline (0.014 mm vs 0.019 mm; P 5 .060) and for participants with a suppressed (versus detectable) HIV RNA VL at baseline (0.013 mm vs 0.021 mm; P 5 .074), although differences did not reach statistical significance. However, participants who maintained a suppressed VL throughout follow-up had significantly less CIMT progression, compared with those with a detectable VL at $1 follow-up visit (0.015 mm vs 0.019 mm; P , .001; Figure 2A ). CIMT progression was also less for those prescribed NNRTI-versus PI-based therapy at baseline (0.011 mm vs 0.019 mm; P 5 .012; Figure 2B ).
Predictors of Carotid Artery Intima-Media Thickness Progression From Univariate Regression Models
Results of analyses from univariate regression models are shown in Table 2 . Among traditional CVD risk factors, only a BMI (defined as the weight in kilograms divided by the square of height in meters) .25 (vs #25) was associated with greater CIMT progression. None of the lipid or lipoprotein measures were associated with CIMT progression, including when men and women were analyzed separately (data not shown). Among biomarker levels, renal function was inversely associated with CIMT progression when assessed by serum creatinine or cystatin-C level, but not by a GFR ,60 mL/min/1.73m 2 . CD41 cell count (either nadir or at baseline) was not associated with CIMT change, but a suppressed VL throughout follow-up was associated with less CIMT progression. Baseline prescription of an NNRTI-versus PI-based regimen was associated with less CIMT progression, but no significant differences were observed between prescription of tenofovir or abacavir.
HIV Replication and Carotid Artery Intima-Media Thickness Progression
For characterizing VL during follow-up, all but 1 participant had $2 VL measurements, and 90% (n 5 349) had $5 measures Table 1 Abbreviations: BMI, body mass index defined as the weight in kilograms divided by height in meters squared; BP, blood pressure; hypertension, clinical diagnosis, prescribed BP lowering medication, or BP .140/90 mmHg; cART, combination antiretroviral therapy; GFR, glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; hepatitis C, immunoglobulin G antibody positive; HIV, human immunodeficiency virus; HOMA-IR, homeostasis model assessment of insulin resistance (see Methods for equation); hsCRP, high-sensitivity C-reactive protein; illicit drugs, cocaine, methamphetamine, ''club drugs''; IQR, interquartile range; LDL-C, lowdensity lipoprotein cholesterol; NNRTI, nonnucleoside reverse-transcriptase inhibitor; PI, protease inhibitor.
(median no. of VL measurements, 7.0; IQR, 6.0-9.0). After adjustment for traditional risk factors in Table 3 , both a suppressed VL at baseline and remaining suppressed throughout follow-up were independently associated with less CIMT progression (Figure 2A ). Results were similar for maintaining a suppressed VL when adjusted models incorporated total . Two-year carotid artery intima-media thickness (CIMT) progression, human immunodeficiency virus (HIV) RNA viral load and baseline combined antiretroviral therapy (cART) use among Study to Understand the Natural History of HIV/AIDS in the Era of Effective Therapy (SUN Study) participants (n 5 389). Median 2-year change in CIMT is plotted in mm for the following subgroups: SUN cohort overall (A, black square); participants stratified by suppressed viral load at all follow-up visits versus detectable viral load at $1 visit (A, dark gray diamonds); participants with a detectable viral load during follow-up stratified by cART use at baseline (A, dark gray triangles); participants receiving cART at baseline (B, white square); participants receiving cART stratified by exclusively nonnucleoside reverse-transcriptase inhibitor (NNRTI)-based versus protease inhibitor (PI)-based cART use at baseline (B, light gray diamond ); participants receiving cART stratified by exclusively tenofovir versus abacavir use at baseline (B, light gray triangle). Error bars represent interquartile range for change. 1. Adjusted for age, sex, race/ethnicity, body mass index (defined as weight in kilograms divided by the square of height in meters), smoking status, hypertension, diabetes, low-density lipoprotein cholesterol (LDL-C), and baseline CIMT. 2. Adjusted for same covariates above and a suppressed viral load (,400 copies/mL) throughout follow-up. 3. Comparison excludes participants receiving both an NNRTI and a PI (n 5 5) or those receiving neither (n 5 105). 4. Comparison excludes participants taking both tenofovir and abacavir (n 5 24) or neither (n 5 182) cholesterol-to-HDL-C ratio instead of LDL-C (20.010 mm; P 5 .005) or added baseline prescription of lipid-lowering therapy (20.010 mm; P 5 .003). In a sensitivity analysis excluding those prescribed lipid-lowering therapy at baseline, the association between CIMT change and persistently suppressed VL remained (20.010 mm; P 5 .005). Finally, this association persisted in a more parsimonious model, adjusting only for FRS (P , .001).
Among persons with a suppressed VL throughout follow-up (n 5 235), compared with those without (n 5 153), median baseline CD41 cell count was higher (522 vs 451 cells/mm 3 ; P 5 .019), but serum hsCRP values were not different. Among the 153 participants with a detectable VL, CIMT progression did not differ between those receiving cART (n 5 80) and those not receiving cART (n 5 73; Figure 2A ) at baseline. In a sensitivity analysis that excluded the 73 participants not prescribed ART at Abbreviations: ApoB/A-1, apolipoprotein B/A-1; BMI, body mass index, defined as weight in kilograms divided by height in meters squared; BP, blood pressure; CI, confidence interval; HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment of insulin resistance (see Methods for equation); hsCRP, high-sensitivity C-reactive protein; LDL-C, low-density lipoprotein cholesterol; NNRTI, nonnucleoside reverse-transcriptase inhibitor; PI, protease inhibitor.
a Regression coefficients represent a greater or lesser change in carotid artery intima-media thickness (in mm) over 2 years per difference in the corresponding parameter.
baseline, the association of less CIMT change with a persistently suppressed VL was maintained (20.012 mm; P 5 .009). Finally, among these 73 participants, CIMT change over this short-term follow-up did not differ between those who subsequently started cART and those who did not (P 5 .49; data not shown).
Antiretroviral Therapy Exposure and Carotid Artery IntimaMedia Thickness Progression
We then explored the influence of cART exposure among the 302 SUN participants prescribed cART at baseline (Figures 2B  and 3 ). When adjusting for traditional risk factors (Table 3) as well as a persistently suppressed VL, baseline exposure to NNRTI-versus PI-based cART was independently associated with lesser CIMT progression (20.010 mm; 95% CI, 2.018 to .002; P 5 .011). This association persisted when restricted to participants who did not switch between NNRTI and PI regimens (n 5 272) during follow-up (20.010 mm; P 5 .020). Finally, estimates for associations between NNRTI-versus PIbased ART and CIMT change were similar in univariate (Table 2) and fully adjusted models.
CIMT progression did not differ between participants prescribed abacavir versus tenofovir at baseline ( Figure 2B ), and this comparison remained nonsignificant after excluding participants who switched from abacavir or tenofovir after the baseline visit (0.007; 95% CI, 20.003 to 0.017; P 5 .155). Furthermore, when restricted to those prescribed PIs, CIMT change was not different between prescription of abacavir (n 5 27) and tenofovir (n 5 54) after adjusting for CVD risk factors and serum creatinine (0.008; P 5.37).
For the 274 participants prescribed exclusively an NNRTI-or PI-based regimen at baseline, we further stratified median 2-year CIMT change by whether VL was persistently suppressed (Figure 3) . We observed qualitatively that participants exposed to NNRTI-based cART who maintained a suppressed HIV RNA VL exhibited the lowest rate of CIMT progression, whereas participants who were prescribed PI-based cART and had a detectable VL at any visit exhibited the greatest progression. When restricted to participants who maintained viral suppression, the difference in CIMT progression between PI and NNRTI use at baseline approached significance (0.009 mm greater progression; P 5 .059; see Figure 3 for all comparisons).
DISCUSSION
We studied HIV-related factors associated with CIMT progression, an established marker of CVD, over a 2-year period within a contemporary cohort of HIV-infected participants. Overall, the degree of subclinical atherosclerotic progression was modest, consistent with the young age of the cohort, and an emphasis on traditional CVD risk factor modification in current HIV practice. Our findings suggest that maintaining a clinically suppressed HIV VL protects against atherosclerotic progression. After adjusting for the protective effects of viral suppression, use of NNRTI-based cART was associated with less CIMT progression than was PI-based cART. These findings support the notion that both HIV replication and exposure to certain antiretroviral medications contribute to CVD risk. Estimates of CIMT progression in the general population have generally included patients older (age, 45-64 years) than those in the SUN Study [23, 24] . Differences in methodology preclude reliable comparisons across studies, but crude rates of CIMT progression from these studies correspond to the rate observed in our younger HIV cohort (age, 36-47 years). One prior study of 133 subjects infected with HIV had failed to show an effect of HIV status or PI exposure on CIMT progression [25] , whereas another study involving 211 participants reported greater CIMT progression among HIV-infected patients than among uninfected patients [26] . With additional follow-up (n 5 285), this later study by Hsue et al [27] reported the greatest CIMT progression in the carotid bulb and bifurcation, which was associated with hsCRP levels. A potential differential effect of HIV infection on atherosclerosis at different vascular regions has been suggested by other studies [11] , but the clinical significance of this observation requires clarification. Our findings add to these studies by demonstrating that clinically detectable HIV replication is associated with greater CIMT progression.
Findings from the Strategic Management of AntiRetroviral Therapy (SMART) trial have fundamentally changed our understanding of HIV-related CVD pathogenesis. In SMART, a strategy of intermittent cART treatment was associated with a 60% increased risk for CVD events when compared with a strategy of continuous viral suppression [2] . Our findings supplement the SMART findings by characterizing the influence of uncontrolled HIV replication on the atherosclerotic disease process at the level of the arterial wall.
In general, our findings are consistent with the hypothesis that HIV treatment with ART may reduce atherogenesis, in part, by attenuating HIV-related inflammation. Among person infected with HIV, T-cell activation is associated with subclinical atherosclerosis [9] , and inflammatory markers are both elevated, compared with those in uninfected persons, and remain predictive of CVD events [28, 29] . The importance of immune depletion itself as a contributor to CVD risk is less clear, because some epidemiologic data have demonstrated higher CVD risk with lower CD41 cell counts [30, 31] , whereas others have not [1, 32] . The relatively narrow distribution of CD41 cell counts among SUN participants limited our ability to characterize the effect on differences in CIMT progression.
To complicate matters, HIV treatment with cART may in fact both reduce and increase CVD risk by suppressing viral replication while concurrently adding drug-specific toxicities [3, [33] [34] [35] . The typical proatherogenic phenotype associated with PI therapy has included hypertriglyceridemia, lipodystrophy (eg, increased visceral adiposity), and insulin resistance [33, 36] . These factors, in turn, have been associated with inflammation and premature vascular disease [36] [37] [38] [39] [40] . Consistent with this, the Data Collection on Adverse Events of Anti-HIV Drugs (D:A:D) study report an increased risk of myocardial infarction per year of PI exposure and with recent exposure to the NRTI abacavir [3, 34] . Our findings implicating PI exposure are consistent with data from the D:A:D study, but we observed no differences in CIMT progression between abacavir and tenofovir exposure.
Our findings are limited by the lack of an HIV-uninfected control group and the fact that most SUN study participants were prescribed cART. More importantly, our analysis does not represent a direct comparison of cART-treated versus untreated HIV infection per se. As with any cohort study, causation cannot be established, and channeling bias and other unmeasured confounding may be present. Specifically, excellent adherence is required to maintain a persistently undetectable HIV VL, and adherence may coassociate with other risk factors. Ultimately, we believe that we were able to account for many potentially confounding factors because of the comprehensive data collection in SUN, and a randomized trial is ongoing that will study CVD risk with a strategy of early ART initiation versus deferral Table 3 for covariates), regression coefficients (95% confidence intervals) were: 0.009 mm (2.0003 to .018 mm; P 5 .059) for b versus a; 0.008 mm (2.004 to .022 mm; P 5 .174) for c versus a; 0.014 mm (2.0000 to .027 mm; until CD41 cell counts reach 350 cells/mm 3 (START trial). In addition, CIMT was assessed only at a single site in the common carotid artery (ie, far wall), because measurements obtained from other carotid segments demonstrate significant variability and are less desirable for longitudinal assessments. Finally, important associations may have been missed because of the relatively short follow-up period (eg, small changes in CIMT) and the small numbers available for subgroup analyses. For example, sex, hypertension, and LDL-C level were significantly associated with CIMT measures at baseline but not 2-year progression. In summary, persistent suppression of HIV replication below clinical thresholds was associated with less atherosclerotic progression. Future controlled studies are needed that replicate these findings and better characterize the proatherogenic mechanisms of HIV replication as well as evaluate the net benefit of specific antiretrovirals on long-term CVD risk.
Notes
